Abstract Exopolysaccharides (EPS) produced by Gordonia alkanivorans CC-JG39 was used to stimulate cell floating, cell growth, and diesel biodegradation of indigenous or commercial-available, diesel-degrading bacteria. Addition of EPS-containing supernatant into the culture medium resulted in floatation of the nonfloating bacteria and allowed a 40-45% and 38-42% increase in diesel degradation and cell growth, respectively. The EPS-stimulating effect on cell growth and diesel degradation positively correlated with the EPS dosage. Thus, the EPS may act as a biostimulant for bioremediation of oil-contaminated water or soil.
Introduction
Many oil-degrading microorganisms produce extracellular surface-active products to enhance the utilization of oil substrates through increased oil solubility or dispersion (Bai et al. 1997; Noordman and Janssen 2002; Abalos et al. 2004) . Some microorganisms, though, cannot produce biosurfactants but are still able to degrade oil substrates effectively via formation of extracellular or cell membrane-bound bioemulsifiers (such as exopolysaccharides, EPS). Hino et al. (1997) first investigated the EPS-producing bacteria that could utilize petroleum hydrocarbons as the sole carbon source for cell growth. They mentioned that EPS may play central roles in the formation of biofilms, protecting bacterial cells from direct exposure to toxic substances in the environment (Costerton 1985; Sutherland 1990) . Halomonas eurihalina is capable of synthesizing a large amount of exopolysaccharides to emulsify hydrophobic substrates (Calvo et al. 1998; Martínez-Checa et al. 2002) . Martínez-Checa et al. (2007) indicated that EPS was capable of emulsifying crude oil more efficiently than three chemical surfactants tested as control. Iyer et al. (2006) found that exopolysaccharides produced by a marine Enterobacter cloaceae can emulsify a variety of hydrocarbon, vegetable oils and mineral oils. Therefore, EPS could be considered beneficial for bioremediation of oil pollutants (Martínez-Checa et al. 2007) .
Our recent studies showed that Gordonia alkanivorans CC-JG39 does not produce surface-active materials to assist oil degradation but is still able to degrade oils more efficiently than the biosurfactantproducing strains, Bacillus subtilis and Rhodococcus erythropolis . Strain CC-JG39 may thus be able to produce an EPS which may positively correlated to its oil degradation ability ). In addition, exopolysaccharides synthesized by G. alkanivorans CC-JG39 cannot only increase the bioavailability of oil contaminants but also assist the floating activity of non-floating strains Young et al. 2005) . In this study, EPS produced from strain CC-JG39 was used to study the effect on cell floatation and diesel-degrading ability of several bacterial isolates Young et al. 2005) . The aim of this work was to evaluate, via laboratory-scale experiments, the potential of EPS produced by strain CC-JG39 as an oil-degradation biostimulant for bioremediation of diesel-polluted environments.
Materials and methods

Microorganisms and culture conditions
Gordonia alkanivorans CC-JG39, Comamonas testosterone CC-CF3, Acinetobacter sp. CC-CF5, and Sphingomonas yanoikuyae CC-CG22 are indigenous strains isolated from a diesel-contaminated site located in central Taiwan . All four strains possess diesel degradation ability but G. alkanivorans CC-JG39 is the best. Bacillus subtilis BCRC16048 was purchased from the Bioresource Collection Research Center (BCRC) in Hsinchu, Taiwan. The strain was also non-floating but has the ability to degrade diesel . Bacteria were grown at 30°C with shaking at 160 rpm on BH medium (Bushnell and Hass 1941) containing 0.1% (v/v) diesel in 500 ml shake-flasks. The composition of BH medium was (g/l): K 2 HPO 4 , 1; KH 2 PO 4 , 1; NH 4 NO 3 , 1; MgSO 4 Á 7H 2 O, 0.2; CaCl 2 , 0.2.
Characterization and quantification of exopolysaccharides (EPS)
EPS was identified by staining with Alcian Blue 8GX (Murray et al. 1994) . One ml Alcian Blue 8GX solution (1 mg/ml water) was mixed with 0.1 ml sample for 1 min. Samples were then rapidly covered by 1 ml Carbolfuchsin solution [0.3 g basic fuchsin, 10 ml 95% (v/v) ethanol, 5 ml phenol (heat-melted crystals) and 95 ml distilled water]. The presence of EPS caused the solution to turn blue. Exopolysaccharides were quantified by using a resorcinol/ sulfuric acid micro-method (Monsigny et al. 1988) with glucose as the standard. The supernatant of the culture was extracted with 80% (v/v) hexanol. The extract was then reacted with 95% (v/v) H 2 SO 4 / phenol, followed by measurement at 490 nm to estimate the EPS concentration (Dubois et al. 1956 ).
Preparation of EPS
G. alkanivorans was grown on BH medium containing 2% (v/v) of diesel for 5 days at 30°C. The culture (*3.2 ± 0.5 g dry wt/l) was centrifuged at 10,000g for 30 min. The typical EPS content in the supernatant was about 1.5 g/l.
Floating tests
The procedures for the floating test were those reported by Young et al. (2005) . The four non-floating strains (BCRC16048, CC-CF3, CC-CF5 and CC-CG22) were grown in 50 ml BH medium containing 1% (v/v) diesel as the sole carbon substrate. One ml supernatant from strain CC-JG39 (with EPS at *1.5 mg/ml) was added to each cultures, which were incubated at 30°C for 72 h with agitation of 160 rpm. The cultures were then poured into 78 ml test-tubes (Pyrex, 220 mm 9 24 mm). After standing still for 24 h, the floating behavior was observed. One ml of the culture was taken from 0, 1, 5, and 10 cm depth under the liquid surface using a sterile syringe. After serial dilution, viable cell plate counts after 72 h were used to quantify the floating behavior. The control experiments without EPS supplement were also carried out following the same procedures mentioned above.
Emulsification index measurement
The emulsification ability of the EPS products was determined via emulsification index measurement (Cooper and Goldenberg 1987) . In brief, a desired amount of EPS was added into a tube containing a fixed amount of diesel oil. After vigorous mixing, the mixture was remained still for 24 h and then the emulsification index was determined as the ratio of the height of the emulsion layer versus the total height of the mixture.
Cell growth and diesel degradation experiments
One ml EPS (at ca. 1.5 g/l) from strain CC-JG39 was added to cultures of BCRC16048, CC-CF3 and CC-CG22 in 50 ml BH medium amended with 1% (v/v) diesel and grown at 30°C with 160 rpm agitation. After 72 h, the cultures were transferred to 78 ml test-tubes. After 1 h stationary, the floating behavior was observed. Samples were taken from the cultures to measure cell dry weight and residual diesel concentration. A control experiment (cell-free blank) was also conducted for comparison. All the experiments were carried out in triplicate and the average values are presented.
Quantification of diesel
Diesel-containing liquid samples were extracted twice with an equi-volume of dichloromethane. The organic phase was passed through a Na 2 SO 4 (Sigma) cartridge to remove the residual water and was concentrated to near-dryness under vacuum. The concentrate was re-dissolved with 2 ml dichloromethane and then was concentrated to 1 ml under N 2 . The sample was then analysed as described in US EPA method 8015C by GC equipped with a flame ionization detector and capillary column (type RTX-5; 30 m long, I.D. 0.53 mm D.F. 1.5 lm; Restek, Bellefonte, USA) from 45 to 300°C with a gradient of 12°C/min. Signals with retention times from 10 to 28 min were used for total diesel determination in all experiments.
Results and discussion
Effect of exopolysaccharrides (EPS) on cell floating
As indicated in Fig. 1 , addition of EPS from strain CC-JG39 assisted floating of the four non-floating strains examined, as the strains floated to the surface of BH medium and grew on the diesel emulsion layer on the top. The strains degraded diesel completely after 5 days. The quantitative analysis of the floating behavior, represented by cell concentration distribution, is shown in Fig. 2 . The cells at the surface were two orders of magnitude higher than concentrations at lower depths. This clearly shows that the EPS product from strain CC-JG39 could stimulate floating of cells that are otherwise non-floating. The cell floating behavior is considered favorable to biodegradation of diesel since the cells have a better contact with diesel substrate, thereby facilitating utilization of the oil substrate.
Exopolysaccharide-enhanced cell growth and diesel biodegradation Addition of EPS from strain CC-JG39 enhanced biodegradation of diesel by 40-45% when compared to EPS-free cultures (Fig. 3) . This enhancement is statistically significant at P \ 0.05. In addition to increasing diesel biodegradation ability, EPS addition Fig. 1 The effect of EPS addition on the floating activity of non-floating strains Bacillus subtilis BCRC16048 grown on 50 ml BH medium amended with 1% (v/v) diesel and 1 ml EPS-containing supernatant (with EPS at *1.5 g/l). (a): with EPS (b): without EPS also led to higher biomass of the diesel-utilizing bacteria than that of the EPS-free cultures, especially for strains CC-CF3 and CC-CG22 (Fig. 4) . These results show that EPS produced extracellularly from strains CC-JG39 can assist cell floating and enhance the contact between cells and diesel thereby facilitating diesel biodegradation and cell growth.
Diesel and other hydrophobic compounds have poor solubility in water and resist biodegradation by microorganisms. An approach to solve this problem is the addition of surfactants (or biosurfactants), which improve oil degradation in contaminated soils (Zhang and Miller 1992; Bai et al. 1997; Mulligan et al. 2001; Noordman and Janssen 2002) . Similarly, the EPS product from strain CC-JG39 possesses emulsification ability with an emulsification index of over 63% (data not shown), thereby enhancing the oil dispersion or solubility in aqueous phase of the contaminated soil to accelerate mass transfer efficiency of oil substrate toward oil-degrading microorganism. Bioemulsifying exopolysaccharide can enhance microbial hydrocarbon biodegradation in liquid media and soil microcosms (Ron and Rosenberg 2002; Venosa and Zhu 2003) and provides a mechanism for in situ bioremediation (Wolfaardt et al. 1994 (Wolfaardt et al. , 1998 .
EPS dosage effect on cell growth and biodegradation of diesel Addition of EPS into the culture of strain CC-JG39 can stimulate diesel degradation. In engineering applications, the amount of EPS supplemented to the contaminated environment should be optimized. The results depicted in Fig. 5 show that the dry cell weight and viable cell concentration significantly increased when EPS was added. The residual diesel also decreased sharply with the increase in EPS dosage. Addition of 10% (v/v) EPS led to a 100-fold increase in viable cell counts and a 40% decrease in residual diesel. The yield coefficient (Y X/S ), representing the ratio of biomass gain versus diesel consumption, was within the range of 0.4-0.6 g dry cell weight/g diesel. Therefore, EPS produced by strain CC-JG39 could be used as an effective biostimulant helping the degradation efficiency of oil contaminants by the existing oil-utilizing bacterial population in polluted sites.
Conclusions
The EPS produced by strain CC-JG39 assists nonfloating, oil-degrading bacteria (i.e., Bacillus subtilis, Comamonas testosterone and Sphingomonas yanoikuyae) to float towards the oil phase. EPS also stimulates growth and enhances biodegradation of diesel by diesel-degrading bacteria. This enhancement increases with an increase in the quantity of EPS. Therefore, this EPS could act as biostimulant for bioremediation of oil-contaminated sites and be an effective and environmentally compatible alternative to other chemical or biological supplements (e.g. synthetic or biological surfactants) used for improving the efficiency of oil remediation. 
